ABSTRACT The stereocilia bundle is the mechano-transduction apparatus of the inner ear. In the mammalian cochlea, the stereocilia bundles are situated in the subtectorial space (STS)-a micrometer-thick space between two flat surfaces vibrating relative to each other. Because microstructures vibrating in fluid are subject to high-viscous friction, previous studies considered the STS as the primary place of energy dissipation in the cochlea. Although there have been extensive studies on how metabolic energy is used to compensate the dissipation, much less attention has been paid to the mechanism of energy dissipation. Using a computational model, we investigated the power dissipation in the STS. The model simulates fluid flow around the inner hair cell (IHC) stereocilia bundle. The power dissipation in the STS because of the presence IHC stereocilia increased as the stimulating frequency decreased. Along the axis of the stimulating frequency, there were two asymptotic values of power dissipation. At high frequencies, the power dissipation was determined by the shear friction between the two flat surfaces of the STS. At low frequencies, the power dissipation was dominated by the viscous friction around the IHC stereocilia bundle-the IHC stereocilia increased the STS power dissipation by 50-to 100-fold. There exists a characteristic frequency for STS power dissipation, CF STS , defined as the frequency where power dissipation drops to one-half of the low frequency value. The IHC stereocilia stiffness and the gap size between the IHC stereocilia and the tectorial membrane determine the characteristic frequency. In addition to the generally assumed shear flow, nonshear STS flow patterns were simulated. Different flow patterns have little effect on the CF STS . When the mechano-transduction of the IHC was tuned near the vibrating frequency, the active motility of the IHC stereocilia bundle reduced the power dissipation in the STS.
INTRODUCTION
Microstructures of the cochlear sensory-epithelium vibrate in a liquid-filled cavity. To explain the high-quality factor of hearing despite the power losses because of viscous friction, Gold predicted the existence of regenerative mechanisms in the cochlea (1) . After decades of research, the outer hair cells were found to provide the regenerative force for the power amplification in the cochlea (2) (3) (4) . The outer hair cells should operate optimally to provide enough power to compensate for the power loss because of viscous friction (5) (6) (7) (8) (9) . The power gain in the cochlea has been estimated/ measured to explain the operating principles of the cochlear amplifier (10) (11) (12) . Although power amplification and outer hair cells' power output have both been investigated in many studies, the energy dissipation in the cochlea has rarely been studied (but see 13) . To understand the power balance in the cochlea, it is necessary to understand not only where and how power is generated but also where and how power is dissipated as well.
Some types of hair cells, including the IHC in the mammalian cochlea, are stimulated by viscous forces because of fluid motion. There have been theoretical studies on how the fluid flow stimulates different hair cells (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) .
Although the mechano-transduction of certain hair cells takes advantage of the viscous flow for the stimulation, the friction of the viscous flow also dissipates energy. For example, the IHC stereocilia bundle vibrates within a few micrometer-thin fluid layer in the STS. Fluid flow on such a small scale is highly viscous; it is inevitable for the hearing organ to undergo substantial viscous friction in the STS. Although most theoretical studies do not specify where/ how acoustic energy is dissipated, there were suggestions on the source of cochlear energy dissipation, especially around the tectorial membrane. The viscoelasticity of the vibrating tissues in the cochlear partition such as the tectorial membrane have been considered as one mechanism of energy dissipation (24, 25) . A few studies considered the viscous friction in the STS as the primary cause of energy dissipation in the mammalian cochlea (26, 27 ). The energy dissipation in the STS was estimated from the viscous friction of a Newtonian fluid between two parallel plates representing the tectorial membrane and the reticular lamina (7, 8, 27) . However, the STS is more complex than a fluid layer between two parallel plates in shear motion because the IHCs' stereocilia may impede or interact with the flow. Moreover, there can be modes of vibrations different from shear motion in the STS (28) (29) (30) .
The objective of this work is to investigate the power dissipation in the STS through numerical simulations. The model incorporates STS fluid dynamics, IHC stereocilia mechanics, and mechanical feedback because of transduction channel activation/adaptations. We explain the following: 1) how mechanical and geometric properties of the stereocilia bundle affect power dissipation in the STS; 2) how power dissipation in the STS changes under different stimulation modes; and 3) how force on the fluid generated by the IHC stereocilia bundle motility affects power dissipation in the STS.
MATERIALS AND METHODS
Similar to previous studies (15, 18, 23) the STS is represented by a twodimensional rectangular fluid domain containing a hinged, rigid rod representing the IHC stereocilia bundle (Fig. 1) . The rod is located in the center of the domain and the rotational spring at the rod's base represents the stereocilia bundle stiffness. Whereas the STS length is fixed at L ¼ 40 mm, two different IHC stereocilia bundle heights, h ¼ 2 and 5 mm, are considered to roughly represent the basal and the apical locations, respectively (31) (32) (33) . The height of the STS, H, is 2.1 mm (basal) and 5.25 mm (apical) with the standard gap size.
The top and the bottom boundaries represent the tectorial membrane and the reticular lamina, respectively. The bottom boundary is fixed so the top boundary motion represents the relative motion of the tectorial membrane with respect to the reticular lamina. The right boundary represents the stereocilia bundle of the second-row outer hair cells (middle one of the three outer hair cells in Fig. 1 A) . It is hinged at the top and the bottom. The left boundary represents the opening toward the inner sulcus. No-slip boundary conditions are imposed along the top, bottom, and right boundary and along the IHC stereocilia bundle. The velocity boundary condition at the left boundary (the inner sulcus) is assigned so that the net flux through the boundaries of the simulated rectangular domain becomes zero.
Although we assumed specific dimensions, geometry, and mechanical properties of the IHC stereocilia bundle, they vary across different species and cochlear locations (32) (33) (34) (35) (36) (37) . The gap size between the tips of IHC stereocilia and the tectorial membrane is a key model parameter. The stiffness of the IHC stereocilia bundle was measured in several species such as Guinea pig (38) , mouse (39) , and rat (40) . At the apical turn of the rat cochlea, the stiffness of the IHC stereocilia bundle was measured to be 2.5 to 3.5 mN/m (40) . In recent studies, microprobes used to measure the bundle stiffness were found to affect hair cell mechano-transduction by unevenly deflecting the stereocilia bundle (41) (42) (43) (44) . This probe artifact should underestimate the bundle stiffness especially the IHC stereocilia bundle with a wall-like stereocilia arrangement (45) . Considering the probe artifact, we used 10 mN/m for the stereocilia bundle stiffness at the apex. For the basal model, 100 mN/m was used after considering the height. Unlike the stereocilia bundle stiffness, there are no reported data about the gap size or geometry. Because these two model parameters (stiffness and gap size) were found to important to STS fluid dynamics, we performed the parametric study for the properties that affect the STS power dissipation: IHC stereocilia stiffness and gap size between the tip of the IHC stereocilia bundle and the tectorial membrane. Finally, active mechano-transduction channels are added to the model to investigate the effect of active force feedback on the power dissipation in STS.
Equations of fluid motion
The fluid is regarded as incompressible and the convective nonlinearities are negligible (15) . The momentum and continuity equations are described in terms of fluid density (r), viscosity (m), pressure (P), and velocity (v) as in the following:
Because the STS is subjected to cyclic stimulations, Eq. 1 and Eq. 2 can be rewritten in terms of angular frequency u:
iur b vðx; y; uÞ ¼ ÀV b Pðx; y; uÞ þ mV 2 b vðx; y; uÞ; (3)
V , b vðx; y; uÞ ¼ 0;
where b Pðx; y; uÞ and b vðx; y; uÞ represent complex amplitudes of the fluid pressure and velocity, respectively, and i is the imaginary unit.
Combining active mechanics of the IHC stereocilia bundle and STS fluid dynamics
The displacement of the active IHC stereocilia bundle X is described by the following equation:
c HB dXðtÞ dt þ k HB XðtÞ ¼ FðtÞ þ F MT ðtÞ;
where F(t) is the effective hydrodynamic force at the IHC stereocilia bundle tip, k HB is the IHC stereocilia stiffness, and c HB represents the internal viscous friction between the IHC stereocilia. The c HB is expected to be small because of the minimal separating motion between stereocilia (46) . The inertial force term due to stereocilia bundle mass was omitted because it is negligible compared with viscous or elastic force (see Supporting Material). F MT is the active force exerted by the mechano-transduction channels (47) given as the following:
The force F MT is determined by the open probability of mechano-transduction channels (p o ), the gating spring stiffness (k G ), the gating swing (b), and the geometrical gain factor (g). The active mechanism is represented by the ten-state channel kinetics model from previous work (48) . The adaptation is mediated by Ca 2þ entering through the mechano-transduction channels. The rate change of probability of the channel states (dp/dt) is described as a function of stereocilia bundle displacement, X: dp dt ¼ AðXÞ p þ BðXÞ;
where A is a 9 Â 9 coefficient matrix, and B is a column vector. After linearization and by assuming small harmonic excitation about the resting position, Eq. 7 becomes the following:
where b pðuÞ and b XðuÞ are the alternating components of p and X, respectively, when stimulated at the angular frequency u. The variables with the subscript 0 indicate the properties evaluated at the equilibrium (resting) state. A' 0 and B' 0 are derivatives of A and B with respect to X at X 0 , and I is the identity matrix. Derivation procedures and detailed equations of the channel kinetics model are given in the Supporting Material.
Considering harmonic oscillations with an angular frequency u, Eq. 5 becomes the following:
where b UðuÞ is the alternating component of the velocity of the IHC stereocilia bundle tip. The effective hydrodynamic force b
FðuÞ at the tip is obtained by dividing the total hydrodynamic torque on the IHC stereocilia bundle (integral of the pressure difference D b
PðuÞ across the IHC stereocilia bundle) by the bundle height h:
Hereafter, the hats will be dropped from the equations for simplicity.
Computation
Discretization procedures and model parameters are given in the Supporting Material. The overall problem size depends on the gap size between the IHC stereocilia bundle tip and the tectorial membrane because the mesh size has to be less than one-quarter of the gap size to resolve the flow pattern through the gap. The problem was solved on the BlueHive Cluster in the Center for Integrated Research Computing at the University of Rochester. It took between 0.5 to 5 h to solve for one frequency depending on the problem size.
RESULTS
Geometric and mechanical parameters such as gap size between the IHC stereocilia bundle tip and the tectorial membrane, STS dimensions, and the IHC stereocilia stiffness determine the power dissipation in the STS. Because of the uncertainty of key model parameters such as the gap size and the IHC stereociliar stiffness, a series of parametric studies was performed. Even if we use the terms such as apical and basal model hereafter, it does not mean a specific location with well-defined characteristic frequency. They rather refer to tall (5 mm) or short (2 mm) IHC stereocilia bundle (e.g., [31] [32] [33] 49) , respectively. Although we cannot be specific to which location/species the models correspond because of the lack of information about the STS geometry, the tall (apical) and the short (basal) model roughly represent low (~1 kHz) and high frequency (~20 kHz) locations of the mammalian cochlea, respectively. Therefore, the tall model was simulated for a frequency range between 0.1 and 10 kHz, and the short model between 1 and 100 kHz. At first, the mechano-transduction channels, the active force F MT in Eq. 5, will not be included in the model. The effect of active force feedback is presented at the end of this section.
Power dissipation in the STS
Power dissipation in the STS is evaluated as the rate of work done along the boundaries of STS. Conservation of energy for steady-state oscillation dictates that the rate of work done along the boundaries is equal to the power dissipated within the domain. The boundaries include the tectorial membrane, the outer hair cell's stereocilia bundle, and the inner sulcus. Work is not done on the reticular lamina boundary because it is stationary. The external force acting on the fluid at the boundary is equal to the internal force from the fluid acting on the boundaries. This force results from the normal and the shear stresses (50) as in the following: 8 < :
where P is pressure, and U and V are horizontal and vertical fluid velocity components, respectively. The cycle averaged rate of work done at the outer hair cell boundary (P OHC ), at the inner sulcus boundary (P IS ), and at the tectorial membrane boundary (P TM ) are obtained by integrating over the boundary the product of the boundary velocity and the resultant force of the stresses acting on the boundary:
The superscript asterisk indicates complex conjugate. The total power dissipated within the STS is the sum of P OHC , P TM and P IS , or P STS ¼ P OHC þ P TM þ P IS . The result is obtained from the two-dimensional model, and it represents the power dissipation per unit depth (1 mm). The dissipated power is normalized by P 0 , the power dissipation of the viscous shear flow between two parallel plates in terms of the plate length (L) and the STS height (H). See the Supporting Material for derivation.
Factors that affect power dissipation in the STS
The normalized dissipated power when the upper boundary moves with the velocity U ¼ U 0 cos(ut) is shown in Fig. 2 . The presence of the IHC stereocilia bundle increases the power dissipation in the STS (P STS /P 0 > 1). As the frequency u increases, the hydrodynamic force of the fluid dominates over elastic force of the IHC stereocilia stiffness and the normalized power dissipation asymptotically decreases to 1. As the frequency u decreases, the power dissipation increases to the level of dissipation that would occur if the IHC stereocilia bundle were a rigid wall. The transition between the two limiting power dissipation regimes occurs within the audible frequency range of mammals (0.1 to 100 kHz). The characteristic frequency of STS power dissipation, CF STS is defined as the frequency where the power dissipation drops to one-half of the maximum value, or the phase difference between the hair bundle and the tectorial membrane becomes 45 degrees. The CF STS is 0.5 and 2.8 kHz in the apical model with the gap sizes 0.5 and 1.25 mm, respectively (indicated by solid square markers). For the basal model, the CF STS is 1.5 and 28 kHz when the gap sizes are 0.1 and 0.5 mm, respectively. When the gap size is very small (0.1 and 0.05 mm for the apical and the basal models, respectively), the CF STS is lower than the lowest simulated frequency (0.1 and 1 kHz for the apical and the basal models, respectively). Two main parameters determining the CF STS and the power dissipation are the gap size and the stiffness of the IHC stereocilia bundle. As Fig. 2 shows, the gap size between the tip of the IHC stereocilia bundle and the tectorial membrane strongly affects the power dissipation. For 1 kHz stimulation to the apical model, as the gap size changes from 1.25 to 0.5 and 0.1 mm, the normalized power dissipation changes nonmonotonically from 8 to 12 and 2 ( Fig. 2 A) . For 20 kHz stimulation to the basal model, as the gap size decreases from 0.5 to 0.1 and 0.05 mm, the normalized power dissipation changes monotonically from 3 to 1.5 and 1.2 ( Fig. 2 B) . To further investigate the relations between the power dissipation and the gap size and the IHC stereocilia stiffness, the apical model was stimulated with different stiffness and gap size values in the frequency range from 0.1 to 10 kHz (Fig. 3) . The normalized power dissipation increases with the stereocilia bundle stiffness, reaching the maximum value of~200 (Fig. 3 A) . As a reference, the response that we believe reasonable (standard values: the stereocilia bundle stiffness of 10 mN/m, the best responding frequency of the location of 1 kHz, and the gap size of 0.25 mm) was indicated with circles in Fig. 3 , B-D. In the vicinity of the standard values, as the gap size increased, more power was dissipated near the assumed operating frequency (1 kHz), but at lower frequencies (<1 kHz) there exists a gap size that maximized the power dissipation (Fig. 3 B) . As the stereocilia bundle stiffness increased, more power was dissipated (Fig. 3 C) . Near the standard parameter values, smaller gap size and stereocilia bundle stiffness resulted in less power dissipation (Fig. 3 D) . The basal model shows similar trend as the apical region (see the Supporting Material).
Since ter Kuile's kinematical analysis (51) , it has been widely accepted that the IHC stereocilia bundle is stimulated by shear flow (26, 37, 52) . However, the existence of nonshear flow in the STS has been suggested by several recent studies (28) (29) (30) . We simulated nonshear stimulation modes, called squeezing modes in this work. Two simplistic squeezing modes were considered (Fig. 4, A and B) . The first squeezing mode, Fig. 4 A, represents the fundamental transverse vibrating mode of the tectorial membrane. The second squeezing mode, Fig. 4 B, corresponds to a higher vibrating mode, and it has a zero velocity node above the IHC stereocilia bundle. Although there are reports that the outer hair cell stereocilia can elongate or shrink (53), in our study, outer hair cell stereocilia length remains unchanged.
The power dissipation of the squeezing modes is greater than that of the shear mode, although the difference is not considerable. Three modes are compared through their corresponding normalized power dissipation (Fig. 4 D) . Although the motion of the tectorial membrane is distinct for each mode, the flow patterns near the IHC stereocilia are similar (Fig. 4, A-C) . This similarity in flow pattern, because of the same boundary conditions at the stereocilia, may explain why the frequency-power dissipation curves are similar despite different stimulating modes (Fig. 4, D and E) . Although we did not see a substantial difference in power dissipation and the CF STS is nearly the same, we are hesitant to conclude that different stimulating modes have the same effect on the IHC mechano-transduction. How different modes affect the mechano-transduction may need further investigation considering the organ of Corti vibrations (8, (28) (29) (30) 54 ), but it is beyond the scope of this study.
Can the force feedback from IHC mechanotransduction affect the STS power dissipation?
So far all the results are obtained with the stereocilia bundle without incorporating active force feedback from the mechano-transduction channels in the IHC stereocilia. According to measurements from nonmammalian and mammalian hair cells (e.g., [55] [56] [57] , a single hair cell bundle can generate force of the order of 100 pN. Although there is no direct measurement of IHC's active force, there are measurements showing the adaptation of IHC's mechano-transduction and nonlinear mechanics (39, 40, 58) similar to other types of hair cells. The adaptation is considered to reflect the active mechanical feedback from the stereocilia (59, 60) . We investigated whether the active feedback of IHC stereocilia bundle can affect the power dissipation in the STS.
The active force of the stereocilia in our model (Eq. 6) follows conventional gating theory (47) . Previous studies showed that auditory hair cells can be highly tuned at certain frequencies (48, 61) . Stereocilia bundle parameters were chosen within the physiologically relevant range to obtain a tuned response of the stereocilia bundle. While all other model parameters remained the same, different levels of the mechano-transduction force (different gating swings) were tested to adjust the level of tuning. First, the response of mechano-transduction was simulated without fluid interaction; an isolated active stereocilia bundle from the tall and the short models was stimulated by a sinusoidal force (Fig. 5, A and C) . As the gating swing changes from 2.9 to 2.7 and 2.0 nm, the stereocilia bundle's frequency responses change from highly-tuned to moderately-tuned and untuned.
After testing isolated bundles, the full model with fluid interaction was simulated. Active stereocilia bundle reduced the STS power dissipation, for the tall (Fig. 5 B) and the short (Fig. 5 D) models. When the stereocilia bundle is highly tuned because of active mechanical feedback from the mechano-transduction channels, the stereocilia bundle provides power to the STS rather than dissipates power: negative power dissipation around 0.55 and 3 kHz for the tall and the short models, respectively (thick solid line in Fig. 5, B and D) . Moderately and poorly tuned stereocilia bundle also reduced power dissipation compared with the passive bundle.
A stereocilia bundle, tuned by active mechano-transduction channels, can provide power to the surrounding fluid. The phase relation between bundle velocity and the force the bundle exerts on the surrounding fluid explains modulation of the power dissipation in the STS by the active stereocilia bundle. The force exerted on the fluid is equal to and opposite of the force F in Eq. 5. When the STS with a highly tuned stereocilia bundle is stimulated at the tuned frequency (0.55 or 3 kHz), the force is almost in phase with the velocity and the bundle provides power per cycle to the surrounding fluid (Fig. 6 A) . If the stereocilia bundle is poorly tuned, or highly tuned bundle is stimulated away from its tuned frequency (at 0.1 kHz), the force leads the velocity by a half cycle and the bundle dissipates power per cycle (Fig. 6 , B-C). For the moderately tuned bundle stimulated at its tuned frequency (0.9 kHz), the force leads the velocity by a quarter cycle, and the bundle neither provides nor dissipates power (Fig. 6 D) . In conclusion, properly tuned stereocilia bundle, stimulated at its tuned frequency, can greatly reduce power dissipation in the STS. A movie in the Supporting Material demonstrates the cases of Fig. 6 , A and B.
DISCUSSION

Characteristic frequency of STS power dissipation: CF STS
Our results show that there are two dynamic regimes of fluid-structure interaction in the STS. At high frequencies, the IHC stereocilia bundle does not impede fluid flow so that the power dissipation in the STS asymptotes to the value expected from simple viscous friction between two parallel plates. At low frequencies, the IHC stereocilia bundle is hardly deflected by the fluid flow. The stereocilia bundle behaves like a rigid wall, increasing the power dissipation by more than two orders of magnitude compared with the high-frequency case (Fig. 2 , when the gap size is %0.1 mm). Interestingly, CF STS , the frequency defining the transition point between these two regimes, is in a physiologically meaningful frequency range (between 0.1 and 100 kHz, Fig. 2 ) as long as the gap size is greater than 5% of the stereocilia bundle height.
The characteristic frequency of STS power dissipation, CF STS , is determined by the balance between two forcesthe viscous drag and the elastic restoring force of the IHC stereocilia bundle. As the bundle stiffness increases, the elastic restoring force becomes dominant so that the stereocilia bundle acts like a rigid wall impeding the fluid flow. As a result, the CF STS shifts to higher value (Fig. 3 A) . As the gap size decreases, the drag force experienced by the stereocilia bundle increases compared with elastic restoring force. The CF STS shifts to the left along the frequency axis (Fig. 2) .
A possible role of active force from the IHC stereocilia Our work suggests two possible ways that the mammalian hearing organ can benefit from the power dissipation because of the IHC stereocilia bundle. First, the cochlea can take advantage of a passive mechanism. Using a physiologically realistic IHC stereocilia bundle stiffness and gap size, we showed that the CF STS falls within the hearing range of mammals (Fig. 2) . If the CF STS is near the best responding frequency of the location of the IHC, the additional power dissipation because of the IHC stereocilia can sharpen the frequency tuning by acting as a highpass filter. This idea of the IHC stereocilia bundle as a high-pass filter is in agreement with previous studies (14, 17, 19) . Secondly, the mammalian cochlea can use the active mechanism of the IHC stereocilia bundle to modulate power dissipation. It is known that the bundle has at least two active adaptation mechanisms distinguished by their operating speeds (41, 62, 63) . It has been measured/estimated that a single stereocilia bundle can generate at least tens of pN of force (40, 47, 55, 64) . Although the active stereocilia bundle mechanics of IHC is less investigated compared with nonhearing hair cells or outer hair cells, the adaption of mechano-transduction current (e.g., 65) and the dependence of stereocilia bundle mechanics on mechano-transduction (39, 40) indicate that the IHC stereocilia can also generate forces similar to other types of hair cells. In this study, the single-channel gating force (the product of the gating swing and gating spring stiffness), the force generated by a single channel because of its configuration change (47) , ranges between 7 and 12 pN, which is comparable with the values in other studies with mammalian cochlear hair cell (48, 66) . After considering the number of channels and the geometrical gain, this single-channel gating force corresponds to~100 and 250 pN per stereocilia bundle of the tall and the short models, respectively.
When the active force is applied with proper timing (phase) with respect to the external stimulation, our results (Figs. 5 and 6) show that the IHC stereocilia bundle provides energy instead of dissipating it. This seems surprising in that a stereocilia bundle can overcome arguably primary energy dissipation (26, 27) in the cochlea. But, it is reasonable considering that the STS viscous friction is comparable with the viscous friction that a stereocilia bundle is subjected to in a hemi-infinite fluid space (48) . For example, the friction coefficient of the STS (without the IHC stereocilia bundle) is~50 nNs/m (mLb/H, where b is the width of a hair cell). This is comparable with the viscous friction experienced by a sphere with d ¼ 8 mm (3pmd). It was shown that the bullfrog sacculus stereocilia bundle overcomes the viscous drag over 100 nNs/m to oscillate spontaneously, and the actuator is considered the mechano-transduction channels in the stereocilia bundle (67) .
Despite our simulated result of negative damping in the STS because of stereocilia bundle's feedback force, we do not argue that this instability exists in the cochlea. Our purpose was to explore physiologically possible range of stereocilia bundle's mechanical feedback. A conservative conclusion of our result is that the IHC stereocilia bundle (despite its tuning) can actively modulate the power dissipation in the STS through its mechanical feedback originating from its mechano-transduction channels. The modulation is more effective when the bundle operates near its unstable state (68) .
Inner hair cell tuning
The tuned IHC mechano-transduction in Fig. 5 is reminiscent of the nearly obsolete concept of a second filter (but, . A second filter in the cochlea implies any mechanism that is responsible for the difference between the mechanical tuning measured at the basilar membrane and the neural tuning of auditory nerve fibers (70) . This concept has lost favor as the sharpness of the neural tuning and the mechanical tuning were found to be comparable (71) . Our work was not intended to revisit the idea of a second filter because our analyses were limited to a subdomain of the entire cochlear mechanics. That said, it was shown that a small change in the channel kinetics can change the power dissipation in the STS dramatically (Fig. 5) by adjusting the phase of the active force from the stereocilia bundle with respect to the fluid flow (Fig. 6) . In other words, the IHC stereocilia bundle acting as an active damper has a potential to affect overall cochlear mechanics.
There are two conditions under which the IHC can contribute to cochlear tuning through its modulation of power dissipation. First, the IHC can contribute to the mechanical tuning of the cochlear partition (the first filter) provided that this STS power dissipation dominates the overall power dissipation in the cochlear partition. Second, if the tectorial membrane vibrates independent of the basilar membrane (72, 73) , the IHC's modulation of STS power dissipation may contribute to a second filter through the mechanism suggested by Zwislocki (72) .
The extent and magnitude of the power modulation by the IHC stereocilia bundle are determined by two factors-the force and the timing. In our work, the single-channel gating force determined the magnitude of the active force generated in the IHC stereocilia. The single-channel gating force is linearly proportional to the gating swing (47) . By simulating different gating swing values, we showed the effect of the stereocilia bundle motility (Fig. 5) . The timing (phase) of the active force application with respect to the fluid flow is determined by the characteristic frequency of stereocilia bundle. Fig. 6 demonstrates the effect of this timing. There are different theories on how the characteristic frequency of the hair cell mechano-transduction is determined (e.g., 48, 66, 74) . The characteristic frequency in our model is determined by the adaptation speed, the activation speed of the mechano-transduction channel and the stereocilia bundle stiffness. Although a specific mechanotransduction model was used, our finding holds despite different mechano-transduction theories provided that an appropriate stereocilia bundle force (Fig. 5) is applied with the right timing (Fig. 6) .
It is unclear whether the IHC's mechano-transduction is in phase with the basilar membrane displacement or velocity. Available data indicate that the phase relationship depends on the stimulation level and the stimulation frequency (75) (76) (77) (78) . Our results show that the IHC stereocilia bundle displacement is in phase with the STS shear displacement at high frequencies, but with STS shear velocity at low frequencies (Fig. 2) . The frequency-dependence varies according to the bundle's mechanical feedback (Figs. 5 and 6 ). For a better comparison with experimental results, however, the STS fluid dynamics should be solved in the context of whole organ of Corti mechanics.
Limitations of this study-the importance of STS anatomy
Although there are available data regarding the IHC stereocilia bundle stiffness (39, 58) , there is very limited information about how the gap between the tips of the IHC stereocilia and the tectorial membrane is shaped. In particular, there is a characteristic ridge on the undersurface of the tectorial membrane, in the vicinity of the IHC stereocilia tips, known as the Hensen's stripe (79) . The size, position, and connectivity to the IHC stereocilia bundle and reticular lamina are not well characterized. For example, whether Hensen's stripe is connected to the IHC stereocilia is unclear (35, 80) . In mice, the Hensen's stripe was not observed in apical (low frequency) locations of the cochlea as it was in basal locations (81) .
Steele and his colleagues considered that the mechanical role of the Hensen's stripe is to provide a strong viscous coupling between the tectorial membrane and the IHC stereocilia (82, 83) . In their work, the computational cost of fluid dynamical analysis in the STS was reduced by deriving the viscous coupling term assuming Poiseuille flow between a plate (Hensen's stripe) and a cylinder (stereocilia tips). Although we did not include the Hensen's stripe because of anatomical uncertainty and computational complexity, based on Steele et al.'s work, we can presume its effect. If the Hensen's stripe has a significant depth and is close enough to the IHC stereocilia (comparable with the gap size), it will increase the viscous coupling between the tectorial membrane and the IHC stereocilia similar to the decrease in the gap size in our work. Article
SUPPORTING MATERIAL
INTRODUCTION
Microstructures of the cochlear sensory-epithelium vibrate in a liquid-filled cavity. To explain the high-quality factor of hearing despite the power losses because of viscous friction, Gold predicted the existence of regenerative mechanisms in the cochlea (1). After decades of research, the outer hair cells were found to provide the regenerative force for the power amplification in the cochlea (2-4). The outer hair cells should operate optimally to provide enough power to compensate for the power loss because of viscous friction (5-9). The power gain in the cochlea has been estimated/ measured to explain the operating principles of the cochlear amplifier (10-12). Although power amplification and outer hair cells' power output have both been investigated in many studies, the energy dissipation in the cochlea has rarely been studied (but see 13). To understand the power balance in the cochlea, it is necessary to understand not only where and how power is generated but also where and how power is dissipated as well. Some types of hair cells, including the IHC in the mammalian cochlea, are stimulated by viscous forces because of fluid motion. There have been theoretical studies on how the fluid flow stimulates different hair cells (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) .
MATERIALS AND METHODS
Similar to previous studies (15, 18, 23 ) the STS is represented by a twodimensional rectangular fluid domain containing a hinged, rigid rod representing the IHC stereocilia bundle (Fig. 1) . The rod is located in the center of the domain and the rotational spring at the rod's base represents the stereocilia bundle stiffness. Whereas the STS length is fixed at L ¼ 40 mm, two different IHC stereocilia bundle heights, h ¼ 2 and 5 mm, are considered to roughly represent the basal and the apical locations, respectively (31) (32) (33) . The height of the STS, H, is 2.1 mm (basal) and 5.25 mm (apical) with the standard gap size.
Equations of fluid motion
iur b vðx; y; uÞ ¼ ÀV b Pðx; y; uÞ þ mV 2 b vðx; y; uÞ; (3) V , b vðx; y; uÞ ¼ 0;
Combining active mechanics of the IHC stereocilia bundle and STS fluid dynamics
where F(t) is the effective hydrodynamic force at the IHC stereocilia bundle tip, k HB is the IHC stereocilia stiffness, and c HB represents the internal viscous friction between the IHC stereocilia. The c HB is expected to be small because of the minimal separating motion between stereocilia (46). The inertial force term due to stereocilia bundle mass was omitted because it is negligible compared with viscous or elastic force (see Supporting Material). F MT is the active force exerted by the mechano-transduction channels (47) given as the following: 
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The normalized dissipated power when the upper boundary moves with the velocity U ¼ U 0 cos(ut) is shown in Fig. 2 . The presence of the IHC stereocilia bundle increases the power dissipation in the STS (P STS /P 0 > 1). As the frequency u increases, the hydrodynamic force of the fluid dominates over elastic force of the IHC stereocilia stiffness and the normalized power dissipation asymptotically decreases to 1. As the frequency u decreases, the power dissipation increases to the level of dissipation that would occur if the IHC stereocilia bundle were a rigid wall. The transition between the two limiting power dissipation regimes occurs within the audible frequency range of mammals (0.1 to 100 kHz). The characteristic frequency of STS power dissipation, CF STS is defined as the frequency where the power dissipation drops to one-half of the maximum value, or the phase difference between the hair bundle and the tectorial membrane becomes 45 degrees. The CF STS is 0.5 and 2.8 kHz in the apical model with the gap sizes 0.5 and 1.25 mm, respectively (indicated by solid square markers). For the basal model, the CF STS is 1.5 and 28 kHz when the gap sizes are 0.1 and 0.5 mm, respectively. When the gap size is very small (0.1 and 0.05 mm for the apical and the basal models, respectively), the CF STS is lower than the lowest simulated frequency (0.1 and 1 kHz for the apical and the basal models, respectively). Two main parameters determining the CF STS and the power dissipation are the gap size and the stiffness of the IHC stereocilia bundle. As Fig. 2 shows, the gap size between the tip of the IHC stereocilia bundle and the tectorial membrane strongly affects the power dissipation. For 1 kHz stimulation to the apical model, as the gap size changes from 1.25 to 0.5 and 0.1 mm, the normalized power dissipation changes nonmonotonically from 8 to 12 and 2 (Fig. 2 A) . For 20 kHz stimulation to the basal model, as the gap size decreases from 0.5 to 0.1 and 0.05 mm, the normalized power dissipation changes monotonically from 3 to 1.5 and 1.2 (Fig. 2 B) . To further investigate the relations between the power dissipation and the gap size and the IHC stereocilia stiffness, the apical model was stimulated with different stiffness and gap size values in the frequency range from 0.1 to 10 kHz (Fig. 3) . The normalized power dissipation increases with the stereocilia bundle stiffness, reaching the maximum value of~200 (Fig. 3 A) . As a reference, the response that we believe reasonable (standard values: the stereocilia bundle stiffness of 10 mN/m, the best responding frequency of the location of 1 kHz, and the gap size of 0.25 mm) was indicated with circles in Fig. 3 , B-D. In the vicinity of the standard values, as the gap size increased, more power was dissipated near the assumed operating frequency (1 kHz), but at lower frequencies (<1 kHz) there exists a gap size that maximized the power dissipation (Fig. 3 B) . As the stereocilia bundle stiffness increased, more power was dissipated (Fig. 3 C) . Near the standard parameter values, smaller gap size and stereocilia bundle stiffness resulted in less power dissipation (Fig. 3 D) . The basal model shows similar trend as the apical region (see the Supporting Material).
So far all the results are obtained with the stereocilia bundle without incorporating active force feedback from the mechano-transduction channels in the IHC stereocilia. According to measurements from nonmammalian and mammalian hair cells (e.g., 55-57), a single hair cell bundle can generate force of the order of 100 pN. Although there is no direct measurement of IHC's active force, there are measurements showing the adaptation of IHC's mechano-transduction and nonlinear mechanics (39, 40, 58) similar to other types of hair cells. The adaptation is considered to reflect the active mechanical feedback from the stereocilia (59,60). We investigated whether the active feedback of IHC stereocilia bundle can affect the power dissipation in the STS.
A stereocilia bundle, tuned by active mechano-transduction channels, can provide power to the surrounding fluid. The phase relation between bundle velocity and the force the bundle exerts on the surrounding fluid explains modulation of the power dissipation in the STS by the active stereocilia bundle. The force exerted on the fluid is equal to and opposite of the force F in Eq. 5. When the STS with a highly tuned stereocilia bundle is stimulated at the tuned frequency (0.55 or 3 kHz), the force is almost in phase with the velocity and the bundle provides power per cycle to the surrounding fluid (Fig. 6 A) . If the stereocilia bundle is poorly tuned, or highly tuned bundle is stimulated away from its tuned frequency (at 0.1 kHz), the force leads the velocity by a half cycle and the bundle dissipates power per cycle (Fig. 6 , B-C). For the moderately tuned bundle stimulated at its tuned frequency (0.9 kHz), the force leads the velocity by a quarter cycle, and the bundle neither provides nor dissipates power (Fig. 6 D) . In conclusion, properly tuned stereocilia bundle, stimulated at its tuned frequency, can greatly reduce power dissipation in the STS. A movie in the Supporting Material demonstrates the cases of Fig. 6, A and B .
DISCUSSION
Characteristic frequency of STS power dissipation: CF STS
Inner hair cell tuning
Limitations of this study-the importance of STS anatomy
Steele and his colleagues considered that the mechanical role of the Hensen's stripe is to provide a strong viscous coupling between the tectorial membrane and the IHC stereocilia (82, 83) . In their work, the computational cost of fluid dynamical analysis in the STS was reduced by deriving the viscous coupling term assuming Poiseuille flow between a plate (Hensen's stripe) and a cylinder (stereocilia tips). Although we did not include the Hensen's stripe because of anatomical uncertainty and computational complexity, based on Steele et al.'s work, we can presume its effect. If the Hensen's stripe has a significant depth and is close enough to the IHC stereocilia (comparable with the gap size), it will increase the viscous coupling between the tectorial membrane and the IHC stereocilia similar to the decrease in the gap size in our work. The pressure gradient will be discretized by the first order scheme and the Laplacian with the second order central difference scheme. Applying the x component of Eq. 1 at the (n, m) U velocity nodes and introducing difference approximations for n = 1, 2 ... N x -1 and for m = 1, 2 ... N y , we obtain the following finite difference equation Third dimension, t is given 1.
SUPPORTING MATERIAL
Energy loss in this system occurs only under top plate due to viscous friction. If the fluid is Newtonian than shear stress is given as .
The shear force acting on the top plate is .
The work done by this force over a single cycle is .
The dissipated power per cycle is then where, f is the frequency in Hz.
Fig S2B shows that the oscillatory boundary layer thickness is larger than the STS height for most of the simulated frequencies; it reaches 2 μm for ~60 kHz stimulation. Even when the boundary layer thickness drops below the STS height at the highest simulated frequency (100 kHz), the difference in the power dissipation between nonlinear and linear shear flow does not exceed 20%.
Inertial term in the equation of motion of the stereocilia bundle is negligible
The inertia of the stereocilia bundle was ignored because it is negligible compared to the viscous and the elastic force. Because the inertial effect is greatest at the highest frequency, conservatively, we consider a case of 100 kHz stimulation to the hair bundle properties at 20 kHz location. The stiffness of the hair bundle, k, is 100 mN/m, and the damping coefficient of the hair bundle, c, is 10 nN s/m (comparable to 4 μm sphere). The mass density of the hair bundle will be assumed to be equal to water density and the volume will be calculated by assuming a box shape, 2×1.5×8 μm. This results in the mass of 24 pg (24×10 -15 kg).
With these physiologically reasonable values, when a hair bundle vibrates with the amplitude of 1 nm at 100 kHz, the inertial force is 9.5×10 -18 N, the viscous force is 1.3×10 -14 N and the elastic force is 1×10 -7 N. The inertial term is at least 3 orders of magnitude smaller than the other two force terms. At the low frequency location, the inertial term is even more negligible while the viscous and the elastic terms become comparable. 
where p is the vector column of state probabilities, A is 9 × 9 coefficient matrix that is a function of stereocilia bundle displacement X, and B is a column vector. Matrices A and B are 
